Introduction
Major depressive disorder (MDD) is a highly prevalent mental illness with an estimated lifetime prevalence of 10.8%. 1 It is associated with decreased quality of life, increased mortality and substantial social and economic costs. 2, 3 Less than one-third of patients achieve remission within 12 weeks of starting treatment with a first-line antidepressant. 4 Despite advances in psychopharmacological augmentation and combination treatments, up to one-third of patients remain treatment-resistant to these interventions. 5 Thus, alternative treatment strategies are required to improve outcomes.
Repetitive transcranial magnetic stimulation (rTMS) has emerged as another treatment for MDD with established efficacy in patients with treatment-resistant depression (TRD). Several rTMS treatment protocols have demonstrated efficacy of active rTMS compared with sham rTMS (placebo) in patients with TRD. Most of these protocols have used highfrequency (> 5 Hz) rTMS applied to the left dorsolateral prefrontal cortex (DLPFC) (HFL-rTMS). 6, 7 Low-frequency (1 Hz) rTMS applied to the right DLPFC (LFR-rTMS) 8, 9 has also been shown to be more efficacious than sham rTMS, though fewer studies have used this protocol compared with the HFL protocol in patients with TRD. While HFL-rTMS has demonstrated superior efficacy to sham rTMS, the differential effect has typically been modest. [10] [11] [12] In a meta-analysis of 29 shamcontrolled randomized controlled trials (RCTs), the overall response rate was 29.3% with HFL-rTMS and 10.4% with sham stimulation. 12 Studies have also proven LFR-rTMS to be superior to sham. 8, 9, 13 In a meta-analysis of 8 RCTs, the response rate was 38.2% with LFR-rTMS and 15.1% with sham stimulation. 13 Studies comparing HFL-rTMS and LFR-rTMS have found equivalent response rates with the 2 treatments. [14] [15] [16] Thus, combining these 2 treatments may result in
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E59 better outcomes than HFL-or LFR-rTMS alone. Sequential bilateral rTMS has been shown to be more effective than sham. 17, 18 However, it has not been proven superior to unilateral rTMS. In 2 trials, Fitzgerald and colleagues 14, 19 found no difference in response or remission rates between bilateral and unilateral rTMS. Neither study was sham-controlled. In a previous study, we used the 5 cm method of targeting the DLPFC and fixed intensities of 100% and 120% motor threshold (MT) to compare bilateral rTMS to HFL-rTMS and sham rTMS and reported a 34.6% remission rate with bilateral rTMS, 4.5% with HFL-rTMS and 5% with sham rTMS. 20 Other sham-controlled RCTs have failed to demonstrate a superior efficacy of bilateral rTMS. 21, 22 In a meta-analysis, bilateral rTMS and unilateral rTMS (LFR or HFL) were found to have comparable efficacy. 23 Thus, the question remains as to whether sequential bilateral rTMS is a superior treatment approach for depressed patients.
The studies mentioned above have several limitations that may explain their divergent findings. First, most of them used the 5 cm anterior method of localizing the DLPFC, which does not account for individual variations in the distance between motor areas and the DLPFC. 24 More recent studies have suggested a potential increased efficacy of rTMS treatment when the DLPFC is targeted using neuronavigation methods; however, no difference in remission rates were found. 25 In one of the larger rTMS studies, the approximation method would have resulted in stimulation of the premotor cortex rather than the DLPFC in 33% of patients. 10 Second, stimulation intensity may have been insufficient to induce an antidepressant response, as most studies used an unadjusted motor threshold. 26 Adjusting the MT for coil-to-cortex distance increases the stimulation intensity and may improve treatment outcomes. 26, 27 Third, several studies had a relatively short treatment duration (i.e., 4 wk).
We conducted a study to address these limitations and to more definitively compare the efficacy of sequential bilateral rTMS and unilateral rTMS using a sham control in patients with TRD. We targeted the DLPFC using MRI cortical coregistration, treatment intensity was adjusted based on coilto-cortex distance, and treatment duration was up to 6 weeks. We hypothesized that with these optimized methods sequential bilateral rTMS would have higher remission rates than both HFL-rTMS and sham rTMS. We also hypothesized that HFL-rTMS would be superior to sham rTMS.
Methods

Participants
We recruited participants from the adult and geriatric mood and anxiety services at the Centre for Addiction and Mental Health (CAMH) between 2008 and 2012. The CAMH Research Ethics Board approved the study, and written informed consent was obtained from all participants before completing any study procedures. Patients were included if they were between the ages of 18 and 85 years, had a DSM-IV diagnosis of MDD based on the Structured Clinical Interview for DSM-IV (SCID), were experiencing a current major depressive episode (MDE) with a score of 20 or higher on the 17-item Hamilton Rating Scale for Depression (HAMD-17), had failed to achieve a clinical response to or did not tolerate at least 2 separate antidepressants from different classes at sufficient doses for at least 6 weeks according to Stage II criteria outlined by Thase and colleagues, 28 and were receiving stable doses of psychotropic medications for at least 4 weeks before randomization. Patients were excluded if they had a history of DSM-IV substance dependence (excluding nicotine) in the 6 months preceding the study or DSM-IV substance abuse in the month preceding the study; met DSM-IV criteria for borderline personality disorder or antisocial personality disorder based on the Structured Clinical Interview for DSM-IV Axis II Disorders (SCID-II); had an unstable medical or neurologic illness or a history of seizures; were acutely suicidal; were pregnant; had metal implants in the skull; had a cardiac pacemaker, an implanted defibrillator, or a medication pump; had a diagnosis of dementia or a current Mini Mental State Examination (MMSE) score less than 24; or were taking lorazepam (> 2 mg/d) or equivalent medication during the 4 weeks preceding the study.
Treatment protocol
After enrolment and collection of basic demographic and clinical data, participants were randomized using a computer-generated list with a permuted, random block design, to receive sequential bilateral rTMS, HFL-rTMS, or sham stimulation. By necessity, the treatment operator was aware of the treatment allocation. However, clinical evaluators and participants were all blinded to the treatment condition. We followed strict instructions throughout the trial to ensure that operators did not communicate with raters.
In the first phase, all participants received treatment 5 times per week over a period of 3 weeks for a total of 15 treatments. Based on blinded clinical ratings at the end of this 3-week period, participants were classified as either remitters (HAMD-17 score < 8) or nonremitters (HAMD-17 score ≥ 8). 29 Those who achieved remission completed the study at this point. Those classified as nonremitters entered a second phase during which they received an additional 3 weeks of the same treatment under double-blind conditions. Participants were allowed to make up missed sessions; however, participants could not miss 2 consecutive scheduled sessions and no more than 1 session per week. If a session was missed it was added on to the end of the course until all of the sessions were completed (15 or 30) . If a session was cancelled owing to a statutory holiday it was not considered a scheduled session. Treatments occurred on weekdays only, with 1 treatment occurring per day.
rTMS treatment and neuronavigation
We administered rTMS using a Magventure RX-100 repetitive magnetic stimulator (Tonika/Magventure) and a cool B-65 figure-8 coil. Intensity was derived using the resting motor threshold (RMT) obtained before treatment according to previously published methods. 30, 31 Unadjusted stimulation J Psychiatry Neurosci 2016;41(4) may lead to both understimulation and overstimulation depending on the coil-to-cortex distance. 32 Greater coil-to-cortex distance has been associated with reduced efficacy of therapeutic TMS. 33 Thus, to adjust for coil-to-cortex distance, stimu lation was delivered at 120% of the distance-adjusted RMT (AdjRMT) according to the equation AdjRMT = RMT + 2.8 × (D DLPFC -D M1 ), where AdjRMT is the adjusted RMT in % stimulator output, RMT is the unadjusted RMT in % stimulator output, D M1 is the distance between the scalp and the motor cortex (M1), and D DLPFC is the distance between the scalp and DLPFC. 32 In order to localize the DLPFC stimulation site, a structural MRI (parameters: high-resolution, T 1 -weighted, 128 slices, repetition time [TR] 9.08 ms, echo time [TE] 2.70 ms, matrix size 256 × 256, slice thickness 1.40 mm, 1.5 T Signa General Electric scanner) was coregistered to participants' heads using a magnetic tracking device (miniBIRD, Ascension Technology Group) for coil-to-cortex coregistration. The targeted stimulation site for the DLPFC was an area between the centre of Brodmann area (BA) 9 and the border of BA 9 and 46, based on the conservative definition of these areas in previous research. 34 Stimulation was targeted at the Talairach coordinates x, y, z = -45 or 45 (depending on hemisphere), 45, 35 . Details of the neuronavigation procedure can be found in the supplementary material.
Treatment parameters adhered with safety guidelines and are detailed in Table 1 . 35, 36 It should be noted that the study was designed before publication of the results of the large multicentre RCTs 10, 11 that have led to 3000 pulses per session becoming the standard of care in clinical practice. The sham stimulation was administered in randomized fashion either as sham HFL-rTMS or sham bilateral rTMS with the coil angled 90° away from the skull in a single-wing tilt position, producing some scalp sensation and similar sound intensity to that of active stimulation. At the time of study design a feasible active placebo coil was not available to use instead of the angled coil approach. Participants were unable to see the coil, which reduced the likelihood that they could detect the treatment condition. This method has been shown to produce minimal intracortical activity, but causes an auditory and tactile experience that is similar to active treatment. 37 After the final treatment session, we asked participants whether they thought they had received active or sham stimulation.
Assessments and outcome measures
We confirmed the participants' diagnosis and symptom severity before study entry using the SCID and HAMD-17. To assess exclusion criteria, we asked participants to complete the antisocial and borderline personality disorders modules of the SCID-II and the MMSE before study entry.
Clinical measures were assessed at randomization and at week 3 and week 6 by a trained rater (M.M.) blinded to the randomized treatment condition. The same rater assessed the outcome at baseline, week 3 and week 6. The primary outcome measure was the remission rate, with remission defined as a score of 7 or less on the HAMD-17 at the week 3 or week 6 assessment. Secondary outcome measures included the response rate (with response defined as > 50% reduction in HAMD-17 score), absolute change in HAMD-17 scores, 38 remission and response rates based on the Beck Depression Inventory (BDI-II) 39 and adverse events based on an interview focused on the subjective experiences of TMS. We used the Antidepressant Treatment History Form (ATHF) to quantify the adequacy of prior treatment for depression. 40 
Statistical analysis
All statistical analyses were conducted using SPSS software for Mac version 22.0 (IBM Inc.). Power analysis, using an α level of 0.05 and a β level of 0.90, called for an overall sample size of 38 participants per group based on the between-group difference in remission rates in our previous trial. 20 We compared baseline differences in demographic and clinical variables among the treatment groups. Continuous variables were analyzed with 1-way analysis of variance (ANOVA), and categorical variables were analyzed with χ 2 analyses or a Fisher exact test when less than 80% of the cells had a frequency of less than 5. All procedures were 2-tailed, and we used a significance level set at α = 0.05 for the primary outcome. Intention to treat and completer analyses were conducted for all outcome variables. We used a linear mixed-model regression analysis to assess changes in HAMD-17 scores over time.
Results
Participant flow, follow-up, and sample characteristics
The flow of patients through the study is presented in Fig. 1 . Of the 311 patients screened, 183 did not meet our eligibility criteria, 6 declined to participate, and 1 was admitted to hospital between giving consent and randomization. Thus, 121 patients were randomized, participated in at least 1 treatment session and were included in the analyses.
The participants' baseline clinical and demographic characteristics are summarized in Table 2 . The bilateral group had a significantly higher ATHF score than the other 2 groups. There were no other clinically important differences among the 3 groups. With respect to the intensity adjustment based on scalp to cortex distance, most participants had an intensity adjustment within 3% of their unadjusted RMT.
At 6 weeks, data on the primary outcome were available for 105 (86.7%) participants. Those who were lost to followup did not differ from those retained on any of the baseline was conducted to see if the degree of intensity adjustment based on the AdjRMT on both the left (p = 0.027) and right sides (p = 0.022) was related to remission, and it did not affect the remission findings in these models.
Secondary outcomes
Rate of response based on HAMD-17
The proportions of responders did not differ significantly among the 3 groups: 9 of 40 (22.5%) in the bilateral group, 6 of 40 (15.0%) in the unilateral group and 2 of 41 (4.9%) in the sham group (χ 2 2 = 5.25, p = 0.07). The proportion of responders was significantly higher in the bilateral group than in the sham group (p = 0.026). The proportion of responders did not differ between the unilateral and the sham groups (p = 0.16) or between the unilateral and bilateral groups (p = 0.57). In the completer analysis, the overall findings remained unchanged. The proportions of responders did not differ significantly among the 3 groups: 9 of 36 (25.0%) in the bilateral group, 6 of 34 (17.6%) in the unilateral group and 2 of 36 (5.6%) in the sham group (χ 2 2 = 5.15, p = 0.08). Dichotomous comparisons between the bilateral and unilateral (p = 0.56) or unilateral and sham groups (p = 0.15) did not demonstrate significant differences. However, the response rate among completers was higher in the bilateral group than in the sham group (p = 0.046). 
HAMD-17 change
Change in HAMD-17 scores over time is shown in Fig. 2 . As there were no significant differences among the groups in baseline HAMD-17 scores, we compared change in absolute HAMD-17 scores from baseline to end point among the groups. The mean decrease in HAMD-17 score was -6.8 ± 7. 
Dropouts and adverse effects
With respect to dropouts for all causes, 16 of 121 participants (13.2%) did not complete an end point assessment for the primary outcome: 4 of 40 (10.0%) in the bilateral group, 7 of 40 (17.5%) in the unilateral group and 5 of 41 (12.1%) in the sham group (Fig. 1) . Reasons for not achieving an end point assessment were as follows. One participant in the bilateral group withdrew after being admitted to hospital for anxiety and subsequently receiving medication prohibited by the study protocol. Three participants in the unilateral group withdrew owing to an increase in anxiety. Two participants in the bilateral group and 2 participants in the unilateral group withdrew owing to inability to tolerate the treatment. As the intensity adjustment was less than 1.5% in all participants, these dropouts suggest that intensity adjustment for coil-to-cortex distance was not associated with the tolerability of the procedure. One participant in the sham group withdrew owing to an unrelated serious adverse event after being admitted to hospital for surgery. The remaining reasons for withdrawal included lack of commitment to complete the treatment protocol and missed treatments (1 participantn in the bilateral group, 2 in the unilateral group and 4 in the sham group). Individuals who missed 1 treatment were reminded that missing more than the allowed 2 consecutive scheduled treatments would result in cessation from the treatment. With respect to adverse effects, headache was most frequently reported (7 participants in each of the 3 groups), followed by pain (7 participants in the bilateral group, 8 in the unilateral group and 2 in the sham group). Adverse effects are summarized in Table 3 .
Discussion
To our knowledge this is the first randomized shamcontrolled trial comparing sequential bilateral and unilateral rTMS using cortical coregistration, adjusting intensity for coil-to-cortex distance and providing up to 6 weeks of treatment. We did not observe a statistically significant difference in overall depression change scores. In addition, we did not see enhanced efficacy rates compared with those reported in previous studies using the enhanced techniques of adjusting MT for coil-to-cortex distance or MRI targeting of the DLFPC. However, our findings supported 1 of our a priori hypotheses -that sequential bilateral rTMS is superior to sham rTMS -as the remission rate was higher in the bilateral group than in the sham group. This result is consistent with the rates of response and with the findings of previous studies that have demonstrated the efficacy of bilateral rTMS compared with sham stimulation. 17, 18, 20 Unilateral HFL-rTMS was associated with a lower rate of remission than sequential bilateral rTMS and a higher rate of remission than sham rTMS. However, these differences did not reach significance. As our sample size was small, with a post hoc calculation showing a limited power (29%) for these comparisons, this lack of significance should be interpreted as inconclusive.
Overall both treatment protocols were reasonably well tolerated, with only 2 participants in the bilateral group and 2 in the unilateral group withdrawing owing to an inability to tolerate the treatment. None of these individuals had a marked increase in the AdjRMT, suggesting that stimulation intensity was not the cause for the inability to tolerate the procedure. As with other rTMS studies, 15%-20% of participants experienced headache and scalp discomfort. No participants experienced any serious adverse effects that were attributed to the treatment. These findings are consistent with the existing literature, indicating that rTMS is a well-tolerated treatment with low dropout rates in clinical trials.
The strengths of this study include a focus on inclusion of participants with difficult to treat depression with stage 2 or higher treatment resistance, 28 use of sham rTMS as a control condition, localization of the DLPFC stimulation site using cortical coregistration techniques, 24 adjustment of stimulation intensity according to coil-to-cortex distance, 26 treatment duration up to 6 weeks and use of remission rates as a primary outcome. Furthermore, the inclusion of participants aged 18-85 years is another strength of the study as it broadens the clinical applicability of findings. In our previous study we included patients up to age 85 years and did not observe worse outcomes in those older than 60 years using an intensity of 120% MT. 20 Another study that used coil-to-cortex distance adjustment demonstrated that a mean intensity of 114% MT was required to stimulate the cortex in a sample of older adults. 41 Furthermore, a predictor analysis from one of the largest rTMS trials that used stimulation intensity of 120% MT did not find age to be a negative predictor of outcome. 42 Taken together, it appears that as long as intensities are above 110%, older age does not preclude response to rTMS.
The observed rates of remission and response with bilateral rTMS are clinically meaningful given the broad range and degree of treatment resistance (mean ATHF score of 7.4, range 0-36) in the sample: the remission rate of 20% observed in this study is similar to that observed in previous shamcontrolled rTMS studies. 10 The lack of statistical difference in remission and response between the unilateral and bilateral groups is in keeping with previous findings suggesting the difference between the 2 is modest.
14 However, our data suggest the possibility that in more treatment-resistant samples a sequential bilateral approach may be more beneficial as efficacy persisted despite a higher degree of treatment resistance in the bilateral group. A recent meta-analysis comparing bilateral and sham rTMS found an overall remission rate of 19% in the bilateral group. 17 By contrast, a more recent metaanalysis comparing bilateral and unilateral rTMS reported a remission rate of 35.1% for bilateral stimulation. 23 The lack of difference between the unilateral HFL-rTMS and sham conditions is somewhat unexpected given the MRI targeting of the DLPFC and the intensity adjustment for coilto-cortex distance. Most (but not all 43, 44 ) studies to date have shown a significant effect of HFL-rTMS over sham. 6, 7 However, in more recent trials, the difference appears to be modest. [10] [11] [12] Given this modest difference, our study lacked power. In addition, our failure to show a superior efficacy of HFL-rTMS over sham may be related to a lower number of total pulses delivered than reported in the positive trials 10, 11 or to the relatively high level of treatment resistance in our sample, as no upper resistance level was specified (maximum ATHF score for the current episode was 36) and this has been a strong predictor of poor outcome. 42 
Limitations
A potential limitation of this study is the concurrent use of antidepressants by most participants, which may have obscured the findings owing to the effects of specific medication combinations. However, previous work has shown similar findings when medication doses were stable. Furthermore, this approach is in keeping with the clinical practice of maintaining medications in patients receiving rTMS. 45 Additionally, participants taking medication had been on stable doses for at least 4 weeks before starting the trial and they had a high degree of treatment resistance, with a mean ATHF score for the current episode of 7.4 for all participants. Though we used a sham control condition, our technique may not have been optimal and may have led to some cortical activation. 10 However, the equipment used in this study (Magventure RX 100, B65 Coil) was not capable of automating active versus sham stimulation at the time the study was conducted. Other studies that have used the same equipment have used the same sham technique. 6, 18, 20 Despite the technique, our rates of sham remission and response were similar to those reported 
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in studies that used an active sham condition. 10 The possibility exists that the blinding was compromised, as participants were able to guess correctly at a rate better than chance the treatment to which they were allocated; however, no statistical differences in ability to identify the treatment was found among the 3 groups. Participants were asked to guess their allocation at the study end; asking them to do so earlier during treatment may decrease the chance that the response is based on eventual response to treatment, 17 but it may lead participants to pay more attention to the blinding and to try harder to figure out their treatment condition. Another limitation of the design is a lack of data on durability of response.
Conclusion
Our findings suggest that sequential bilateral rTMS is a safe and effective treatment for patients with TRD. While sequential bilateral rTMS was superior to sham stimulation, HFLrTMS was not superior to sham stimulation in our trial. Despite the use of MRI targeting and coil-to-cortex intensity adjustment to optimize efficacy, the remission rates were not greater than those seen with rTMS studies that have used approximation to target the DLPFC. 20, 22, 46 This finding also has important implications for clinical practice and suggests that MRI targeting and adjusting for coil-to-cortex distance is unlikely to yield higher remission rates than optimal methods of approximation and a stimulation intensity of 120% MT. 47, 48 Future research to identify new methods to improve the efficacy of rTMS for TRD are needed. We propose that identifying and engaging biological targets of treatment response 49 may be a more productive method of enhancing efficacy. However, the identification of biomarkers is a long and difficult process. Methods to improve the efficiency of rTMS delivery using θ burst stimulation 50 may hold potential in clinical practice.
